A point defect based model is developed in two dimensions for the evolution of a group of dislocation loops induced by high dose ion implantation in silicon. Assuming an asymmetric triangular density distribution of periodically oriented circular dislocation loops provides an efficient model reflecting the nonuniform morphology of the loops as observed in transmission electron microscopy (TEM) experiments. The effective pressure from the ensemble of dislocation loops is numerically calculated on the basis of the established formulation of pressure from a single circular loop. The pressure field from the layer of dislocation loops is fundamental to the modeling, as it largely affects equilibrium point defect concentrations and boundary conditions governing emission and absorption of the point defects. Solving the pressure-dependent point defect diffusion equations in association with the simplified loop distribution and geometry makes it possible to model the loop growth and shrinkage incorporating effectively the statistical processes such as loop coalescence and dissolution during oxidation. The simulation with the model shows reduced interstitial supersaturation during the oxidation and correctly predicts the variation of the number of captured silicon atoms and the radii and densities of the dislocation loops in agreement with the TEM experiments.
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High dose ion implantation is an essential technique for obtaining heavily doped regions in silicon such as the source and drain of metal oxide semiconductor field effect transistors (MOSFETs) and dynamic random access memory (DRAM) cells. The high energy bombardment of incident ions inevitably creates damage in the crystal. The ion implantation damage governs the subsequent dopant diffusion during the thermal annealing cycle required for substrate recrystallization and dopant activation.
Particularly, the implants of common dopants at a dose above a certain ion mass-dependent threshold amorphize the surface region in silicon substrate, 1 simultaneously producing a large amount of point defects. The subsequent annealing leads to solid-phase epitaxia] regrowth of the amorphous region, and extended defects such as dislocation loops are formed below the amorphous-crystalline interface. The dislocation loops are inherently accompanied by a stress field in the crystal, interacting with the point defects. It is generally accepted ~-7 that the end-of-range dislocation loops affect the distribution of point defects by absorption of interstitials or by emission of vacancies at their core boundary during growth, and by the reverse processes during shrinkage. There has been a lot of effort to model the dopant diffusion by investigating the interaction of dopant and point defects without any extended defects under low dose implant damage and oxidation/nitridation conditions. This work is focused on modeling the evolution of dislocation loops and its effects on the point defect diffusion, which eventually influences the dopant redistribution.
Previous work "-1~ established theoretical models for a single circular dislocation loop and its interaction with point defects. Bullough et al. 9 studied the migration of an interstitial impurity atom around a single dislocation loop on the basis of the stress field from the loop solved by Bastecka and Kroupa. 8 Borucki ~1 proposed a model for the growth and shrinkage of a single dislocation loop due to the capture and emission of point defects, and simulated the point defect variation from an assumed initial high supersaturation around a periodic array of the loops in a threedimensional numerical solver of diffusion equations. However, it is necessary to model the effects from the group of dislocation loops formed in the substrate as observed through TEM pictures. TEM measurements 12-~4 show that the variations in distribution and size of the actual dislocation loops during oxidation or annealing are generally not so homogeneous and simple as in the case of one single loop. The dislocation loops usually form a network by * Electrochemical Society Student Member. ** Electrochemical Society Active Member. merging with each other during oxidation. Coalescence and dissolution of dislocation loops are a statistically complicated process, which also depends on the implanted ion species. 1~-14 Since the TEM measurements can only give statistical data on density and size of the dislocation loops, a useful and correct model for the ensemble of dislocation loops should be made in a way to reflect the statistical data from the TEM pictures.
Modeling of the Dislocation Loops as a Group
The aim of this work is to build up a point defect based model for the evolution of the group of dislocation loops with both accuracy and efficiency, so it can be implemented in two-dimensional process simulators. It involves two-dimensional conversion of Borucki's model for the interaction of a single loop and point defects in three dimensions, and it is extended to the ensemble of the loops. In addition, we developed an efficient model for the network formation of the dislocation loops via a statistical density distribution function of loop radius. Finally, the evolution of the loops and the redistribution of point defects during oxidation are simulated where the surface injection, recombination, and diffusion of point defects have been implemented through a point defect parameter set consistent with the current available data on oxidation enhanced diffusion (OED). 1~
In this work, the model for the group of dislocation loops is developed on the basis of thermodynamics and linear elasticity which govern a single dislocation loop. Major assumptions in the model are: (i) dislocation loops are all circular and evenly distributed on a plane interconnecting their centers; (it) orientation of the loops is periodic in two perpendicular directions, approximating the morphology shown in cross section TEM and plan-view TEM pictures;
(iii) radius and density of the loops follow an asymmetric triangular distribution function; (iv) formulation of a pressure field from a single dislocation loop in linear elastic material can be used as a basis in calculating the effective pressure from the ensemble of dislocation loops; (v) local equilibrium is attained around the dislocation loops through their reaction with point defects.
The Effective Pressure from the Loop Distribution
The pressure from a single circular prismatic dislocation loop has been formulated by Bastecka and Kroupa ~ from the diagonal components of the stress tensor in linear elasticity theory. Figure 1 shows the geometry used in calculating the pressure from a single loop in terms of location of an impurity atom in cylindrical coordinates. The loop has the Burgers vector b in the axial direction. The dilatation factor e of an atom near the loop measures the space for an elastic inclusion of the atom. The pressure is expressed in terms of the loop radius R, the radial distance r, and the height h from the loop s Figure 2 shows an example of the calculated pressure at different positions of the atom as a function of the radial distance and the height. In general, the pressure is positive inside the cylindrical region of the loop radius R, and negative outside. Its magnitude decreases approximately in the inverse proportion of the cube of the distance in the outside region, if the distance from the center exceeds the loop diameter. 9
In two-dimensional process simulators, the cross section where dopant and point defect concentrations are calculated is perpendicular to the layer of dislocation loops which is formed inside the substrate in parallel with the surface. Therefore, it is necessary to obtain an effective pressure from the group of dislocation loops at one depth position by considering a certain configuration of the loop ensemble. The configuration of the ensemble of equal-sized loops assumed in this model is shown in Fig. 3 which is viewed from the top of the substrate. We assume that the loops of one radius are evenly distributed on one plane interconnecting their centers. The orientation ofthe loops are assumed to be periodic in two perpendicular directions, with their Burgers vectors lying on the center plane. This is a good approximation of the loop morphology as observed in plan-view TEM and cross-sectional TEM pictures, where most of the category II end-of-range dislocation loops in {100} Si substrate have their Burgers vectors in either <110> or <111> directions. 1 The effective average pressure at one depth position due to the ensemble of dislocation loops of identical size is calculated by integrating the pressure components from the six nearest individual loops on the shaded square region. The formulation of the pressure from a single circular loop shown in Eq. 1 was used for the calculation. The pressure components from the loops farther than the six neighbors are negligible, for the pressure from a single loop diminishes rapidly outside.
The calculated average pressure <p> from the uniform circular loops is shown in Fig. 4 as a function of the depth distance Z from the loop layer center plane, in comparison with the actual pressure at four different locations [A] to [D] in Fig. 3 . The radius R and the unit interloop distance L used in the calculation are 200 and 500 A, respectively. The average pressure <p> is found to be compressive inside the loop layer of thickness 2R and to be tensile outside. This is a meaningful approximation consistent with physical reasoning on the configuration of the dislocation loops as observed in cross-section TEM (XTEM) pictures. As an example, Fig. 5 shows an XTEM picture of a sample where the end-of-range dislocation loops were created by Si implantation to a dose of 2 x 10 is cm -2 and grown during oxidation at 900~ for 2 h. The loops are oriented such that they form a layer with definite thickness roughly equal to the average diameter. The magnitude of positive pressure inside the individual loops is relatively larger than the negative pressure outside (Fig. 2) . Therefore, the average pressure <p> shown in Fig. 4 , calculated by superposition based on linear elasticity of silicon substrate, approximates meaningfully and effectively the pressure around the loop layer in two dimensions with regard to its shape and magnitude. Analytic functions for the average pressure are extracted to replace the time consuming numerical integration of the pressure components. As a rough approximation, the calculated average pressure at the loop layer center and at the layer boundary is found to be almost linearly proportional to the density of loops, especially when the density is large. The density dependence of the pressure tends to increase as the loop radius increases.
A preliminary model for the equal-sized loops was reported previously by Park and LawJ 6 However, since TEM data show nonuniform radius and density of the dislocation loops, an advanced model should encapsulate the distribution of the loop size via a statistical function. An asymmetric triangular distribution function is used in this work for its simplicity and approximate match to the TEM data. In Fig. 6 , the triangular density distributions are shown in comparison with the loop radius distribution statistically extracted from the TEM pictures ~4 where the evolution of loops was monitored during dry oxidation for 4 h. The unnormalized probability density function fd(R) for the distribution of loop radius R can be expressed as
where R .... R~in, and Rp represent the maximum, the minimum, and the majority loop radii, respectively. The total density Da~l of all the loops is the normalizing factor of fd(R), satisfying the following relationship In order to obtain the loop size distribution data, it is necessary to interpret the TEM pictures by counting the number of the loops whose radius is within a certain range hR. Thus, the discretized density distribution function D(R) for the loops of radius R depends on the sampling period AR R+~-9 9
D(R) = ;~ ~_fa(R )dR =fa(R)AR
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The discretized triangular density distribution is shown in Fig. 7 . Temporal change of the distribution represents coalescence and dissolution of the dislocation loops as observed during oxidation and annealing. The density Dp of the majority loops with radius R, and its relation with the total density Dan can be expressed by using Eq. 2, 3, and 5 2DauhR 2Dall
where m is defined to be (Rmax -Rmin)/AR =-2Dan/Dp. The factor m, or the sample period AR of the radius in the interpretation of TEM data correlates the total density Dal~ with the majority loop density Dp. Thus, the discretized loop size distribution is represented by parameters Rmin, R .... Rp, Dp, and m. The Dal~ and m are directly determined from TEM measurements. The average radius of the distributed loops is derived as iRmax /~max
Therefore, the quantities such as Rave and D~n, which are measurable from the TEM pictures by pattern recognition without discretization, can be given by closed-form functions in terms of those distribution parameters. Based on the linear elasticity, the total effective pressure P from the entire distribution of dislocation loops can be calculated by superposing the average pressure <p> from the loops of various size, under a simplifying but reasonable assumption that the centers of all the loops lie on a one-layer center plane. In this model, it is calculated by integrating <p> with respect to radius R over the triangular distribution at each time step
Dp(Rm~x -R~) R~
In Fig. 8 , the pressure P from an entire distribution of dislocation loops is shown along with the pressure <p> from the loops of major size (R = Rp, D = Dp), and also with the pressure calculated simply by assuming an equivalent distribution of one-size loops of the average radius, that is, by simply substituting R = R~ and D = D~11 in the analytic function <p>. It is noticeable that the total effective pres- Fig. 7 . The discretized asymmetric triangular density distribution function used for modeling Ihe nonuniform size and density of lhe dislocation loops as observed in TEM data.
sure P changes from compression to tension around the loop layer boundary less abruptly than <p>(R = R~; D = D J . It implies that the fuzziness in the transition region due to the various size of the loops is effectively modeled through the superposition of pressure following the distribution function.
Interaction of Dislocation Loops and Point Defects
The interaction energies between the ensemble of dislocation loops and the point defects are expressed in terms of the total effective pressure P and the elastic volume expansion susceptible to the external pressure effect on interstitial and vacancy, AV~ and AVv, respectively. As in the case of the single-loop model, ~'n'i~ those volumes are given by assuming the sphericity of the unrelaxed point defects with the values of radii, ro = l.ll ,~ for the interstitial, G = 2.47 for the vacancy. TM The effective interstitial volume expansion AVI is dependent on the dilatation factor 9 shown in Fig. I , which determines the elastic inclusion of an interstitial. ~ The pressure effect from the three-dimensional morphology of the dislocation loops is effectively modeled in two dimensions by using the unestablished physical factor as a model parameter. The value of 9 used in the simulation is 0.5, which is reasonably within its meaningful range (0 <
< 1).
The interaction between the loops and the point defects is primarily reflected on the effective equilibrium concentrations of point defects around the dislocation loop layer ~ Gin) = C~m:0) exp \ kT ] [9] , , [PAVv] Cvm) = Cvm=o)exp ~.--~-~--) [10] where P is the total effective pressure given by Eq. 8. The above expressions for the pressure-dependent equilibrium point defect concentrations are physically valid, for the formation enthalpy of an interstitial increases by the amount of the interaction energy PAVe, whereas that of a vacancy decreases by -PAW.
Under a compressive medium as inside the dislocation loop layer, therefore, C~) decreases where C~v~ increases with respect to those nominal values in the absence of the external pressure, C~*(~e=o) and C~m=o, respectively. Growth and shrinkage of the dislocation loops are modeled in terms of their reaction with point defects at the loop layer boundaries. The model simultaneously accounts for emission and absorption of point defects at the dislocation loop layer boundaries in two dimensions. The layer boundaries or the locations of reaction are assumed to be at the distance//,,~ from the center of the layer. The boundary conditions are given by the reaction rates of dislocation loops and the point defect formation energy change due to the loop growth or shrinkage. The interstitial continuity 4,0x109 3.0x109- equation in the presence of dislocation loops can be derived by considering an additional flux due to the local variation of the interaction energy as in Borucki, n and by incorporating the pressure-dependent equilibrium interstitial concentration as shown in Eq. 9
CI(*e) Cv*~))
where K~ is the bulk recombination rate, and Km is the constant of reaction between the interstitials and the dislocation loop ensemble. It should be noted that the flux term now includes the pressure effects from the dislocation loops in terms of the varied equilibrium concentration of interstitials C~) as well as the driving force for the point defect movement around the dislocation loop layer due to the gradient of pressure. Cm is the effective local equilibrium concentration of interstitials at the loop layer boundary, which is modified for this two-dimensional model from the formulation of the boundary condition for a single loop n'~9 C1b = gbcCi~p) exp (-AE~/kT) [12] where gbc is a geometry factor (_--0.3) which approximately converts the three-dimensional boundary condition into two dimensions. AEI is the change in defect formation energy due to the self-force of a dislocation loop during emission and absorption processes at its edge ~~
AEi= 4r -2 v -1]
where ~ is the shear modulus, b is the magnitude of Burgers vector of the loop, ~ is the atomic volume of silicon, rc is the core (torus) radius of the loop, ~ is Poisson's ratio, and Rave is the average radius of the dislocation loop ensemble as given in Eq. 7. Vacancy continuity equation can also be derived in an expression similar to Eq. ii, with a different reaction rate KvL and a boundary condition as [14] which in conjunction with Eq. 12 precludes Frenkel pair generation at the loop layer boundary, consistent with the situation at the core boundary of a single dislocation loop. n
Coalescence and Dissolution of the Dislocation Loops
The TEM experiments show that the density of dislocation loops created by Si ion implantation generally decreases during oxidation, whereas the size of them increases) 4 The model based on the triangular distribution represents the loop distribution change in agreement with the observations. The radii and the density of the loops (or the unit distance L beween the loops as shown in Fig. 3 ) can be correlated with the number of Si atoms bound by the dislocation loops per unit area (N), considering that the density of the majority size loops Dp is equal to 0. (-_-2.3) is also extracted from the statistical interpretation of TEM pictures, TM as shown previously in Fig. 6 . These values for the rates of coarsening and Rm,~ change are valid for the end-of-range dislocation loop evolution under dry oxidation condition at 900~ which is the experimental condition of Ref. 14. More data are required to extract the values extensively under other annealing conditions. The dR~/ dRp is set to be equal to zero, and dm/dRp is analytically calculable from the definition of m in terms of Rmi n and R .... as far as the loop distribution from TEM data is generated with constant sampling period AR at each time step. Even if AR is not maintained to be constant in time in the extraction of the ]oop radius distribution from the TEM data, it is possible to calibrate the raw TEM data before the asymmetric triangular distribution is applied. When the loops shrink, the loop density is assumed to be constant, so dLp/dRp is equal to zero.
Thus, Eq. 16 makes it possible to model the loop coalescence during oxidation and annealing in a phenomenological way. The point defect distribution around the layer of dislocation loops determines the capturing process of Si atoms by the loops, and the majority loop growth rate ~Rv/ at can be solved at each time. The maximum radius and the density of the loops are obtained eventually from their empirical relationship with i~p. Although this model does not physically represent the actual loop-to-loop interactions or Ostwald ripening, it encapsulates the statistical phenomenon through the change of loop size and density restricted by the empirical triangular distribution function. In future work, the reaction constants KIL and KvL will be more accurately estimated by simulating and quantifying the reduced OED of boron in the buried layer region deeper than the dislocation loop layer) ~
Simulations of the Loop Evolution during Oxidation
The evolution of dislocation loops was simulated in a two-dimensional process simulator in which the above 
8_
o 1.4x1015 . _~ model was implemented. The point defect parameters used in the simulation were previously extracted by a dopantdefect pairing model for both experiments on the low dose Si implant damage-enhanced diffusion and the oxidation enhanced diffusion of boron and phosphorus.~5 In Fig. 9 , the simulation shows variation of the free unpaired interstitial distribution around the dislocation loop layer during a 4 h oxidation at 900~ where interstitials are injected from the surface. The compressive pressure inside the loop layer causes the local dip in the interstitial distribution inside the loop layer region. This model correctly represents the interstitial movement toward the loop layer caused by the local variation of the pressure and the boundary conditions restricted by the loop self-force. The interstitial supersaturation is already limited at short times and gradually diminishes as time goes on, since more interstitials are captured by the growing dislocation loops. In Fig. 10 , the model predicts that the interstitial supersaturation at 0.5 ~m depth position during oxidation is significantly lower in the presence of the dislocation loops than in the case without any extended defects. It agrees with several experiments on transient dopant diffusion due to high dose implant damage, which suggest that the dislocation loops in silicon work as an efficient sink for interstitials) '~'ml The degree of reduction in the C~ supersaturation depends on the reaction constants KIL and Kw. Figure 11 shows a good agreement between the simulation and the data I4 on the temporal change in the number N of Si atoms bound by the dislocation loops per unit area during the oxidation at 900~ The data are from the TEM experiments by Menget al. 14 on the dry oxidation-induced evolution of the end-of-range dislocation loops introduced by Si ion implantation at 50 keV into (100) Si wafers. The two Si implant dose conditions (2 • 1015 and 5 • 1015 cm -2) determine the initial dislocation loop geometry. Since the J. Electrochem. Soc., oxidation was preceded by a preannealing step at 550~ for 16 h in the experiment, the initial point defect concentrations were reasonably assumed to be at equilibrium in the simulation. The result implies that the two-dimensional simplification can lead to an effective model for the interaction of extended defects and point defects, which is an essentially three-dimensional phenomenon. Figure 12 shows the variation in total density of dislocation loops during oxidation from the simulation and the data. ~4 Nonuniformity of loop size and shape is seen in the TEM pictures typically at larger times; when the loops are forming a network, there can be a sizable difference in the density of the actual noncircular loops of various sizes and that of the loops modeled to be circles. In this case, the meaningful loop radius and density depend more on statistical interpretation of the TEM pictures. The missing data point at 4 h in Fig. 12 corresponds to this case. However, the simulation at large times has been improved by modeling the loop coalescence using the triangular distribution function for loop radius. The preliminary model with equal-size loops led to a larger discrepancy at the 4 h condition. ~6
The average radius changes during the oxidation as shown in Fig. 13 . The data show little difference in the initial R~w between the two silicon implantation dose conditions, and the simulation predicts that the loop size will vary at almost the same rate during oxidation, consistent with the data. Figure 14 shows that the variation of the loop distribution parameters in the simulation agrees roughly with the data. ~ The error range of Lp and Rma x especially at large times depends on interpretation and calibration of the actual nontriangular distribution of the loops. Modeling the loop coalescence with the distribution function has allowed us to simulate the maximum radius of the dislocation loops, which is an important factor to conside~ in designing short channel MOSFETs and shallow junctions formed by high dose ion implantation. More sys- tematic data extraction from TEM pictures will lead to more accurate estimation of the rates of growth and coarsening of the dislocation loops.
Conclusion
A point defect based model for the evolution of dislocation loops in Si is developed by accounting for the interaction with point defects. The effective pressure from the ensemble of dislocation loops is numerically calculated on the basis of the linear elasticity theory for a single circular loop. The pressure field from the layer of dislocation loops is found to be fundamental to the extended defects modeling, since it largely affects the equilibrium point defect concentrations around the layer and the boundary conditions governing the emission and absorption of the point defects. The reasonably simplified morphology and distribution of the dislocation loops lead to a very efficient model with enough accuracy required in two-dimensional simulators. The solution of pressure-dependent point defect diffusion equations incorporated with the triangular density distribution function of the loops provides an effective and useful model for the loop growth and shrinkage including the statistical processes such as loop coalescence and dissolution during oxidation. The simulation with the model shows reduced interstitial supersaturation during oxidation and correctly predicts the variation in the number of captured silicon atoms and the radii and densities of dislocation loops in agreement with the TEM experiments.
Further research is required to determine more accurately the point defect capture rates of the dislocation loops in order to predict the interstitial supersaturation quantitatively. It will be accomplished by monitoring the reduction in oxidation enhanced diffusion of boron in the region deeper than the dislocation loop layer. Incorporation of the data from experiments on the boron diffusion in the buried layer will allow us to extend this model so as to predict the indirect influence of dislocation loops on dopant diffusion.
